In macroautophagy, de novo formation of the double membrane-bound organelles, termed autophagosomes, is essential for engulfing and sequestering the cytoplasmic contents to be degraded in the lytic compartments such as vacuoles and lysosomes. Atg8-family proteins have been known to be responsible for autophagosome formation via membrane tethering and fusion events of precursor membrane structures. Nevertheless, how Atg8 proteins act directly upon autophagosome formation still remains enigmatic. Here, to further gain molecular insights into Atg8-mediated autophagic membrane dynamics, we study the two representative human Atg8 orthologs, LC3B and GATE-16, by quantitatively evaluating their intrinsic potency to physically tether lipid membranes in a chemically defined reconstitution system using purified Atg8 proteins and synthetic liposomes. Both LC3B and GATE-16 retained the capacities to trigger efficient membrane tethering at the protein-to-lipid molar ratios ranging from 1:100 to 1:5,000. These human Atg8-mediated membrane tethering reactions require transassembly between the membrane-anchored forms of LC3B and GATE-16 and can be reversibly and strictly controlled by the membrane attachment and detachment cycles. Strikingly, we further uncovered distinct membrane curvature dependences of LC3B-and GATE-16-mediated membrane tethering reactions: LC3B can drive tethering more efficiently than GATE-16 for highly-curved small vesicles (e.g. 50 nm in diameter), although GATE-16 turns out to be a more potent tether than LC3B for flatter large vesicles (e.g. 200 and 400 nm in diameter). Our findings establish curvature-sensitive trans-assembly of human Atg8-family proteins in reconstituted membrane tethering, which recapitulates an essential subreaction of the biogenesis of autophagosomes in vivo.
Introduction
Macroautophagy, hereafter simply referred to as autophagy, is a fundamental intracellular trafficking pathway vital for the maintenance of homeostasis in all eukaryotic cells, in which the cytoplasmic contents including cytosolic proteins and organelles are selectively or non-selectively delivered to the lytic subcellular compartments, such as vacuoles in yeast and lysosomes in mammalian cells, and then degraded by the lumenal hydrolases [1] [2] [3] [4] [5] [6] . During the autophagic processes, eukaryotic cells engulf and sequester the cytoplasmic materials by newly forming the unique double membrane-bound organelles, termed autophagosomes, via expansion and sealing of the small cup-shaped precursor membrane structures, termed phagophores or isolation membranes [1] [2] [3] [4] [5] [6] .
After sealing of fully expanded phagophore membranes, the completed spherical autophagosomes are eventually transported to and fused with the lytic compartments to release the cargoes into the lumen [1] [2] [3] [4] [5] [6] [7] [8] . It is noteworthy that the original 14 autophagyrelated (Atg) proteins, which were initially identified in the budding yeast Saccharomyces cerevisiae by the pioneering genetic screening experiments of Ohsumi and colleagues [9, 10] , are all known to be involved in the biogenesis of autophagosomes [1] [2] [3] [4] [5] [6] [7] [8] .
Among over 30 Atg protein families that have been identified in budding yeast and higher eukaryotes [1] [2] [3] [4] [5] [6] , Atg8-family proteins are currently recognized as a conserved key component of the molecular machinery to drive autophagosome formation, in particular, at the phagophore expansion and sealing steps [1] [2] [3] [4] [5] [6] . Both yeast Atg8p and the Atg8 orthologs in mammalian cells, including LC3 (microtubule-associated protein 1 light chain 3), GATE-16 (Golgi-associated ATPase enhancer of 16 kDa), and GABARAP (gamma-aminobutyric acid receptor-associated protein), are covalently conjugated to a headgroup of phosphatidylethanolamine (PE) at the C-terminus and thereby specifically localized at autophagosomal membrane compartments through the post-translational lipidation [11] [12] [13] [14] . A number of previous cell biological and genetic studies in yeast and mammalian cells demonstrated that the PEconjugated, membrane-anchored forms of Atg8-family proteins are required for controlling the size and shape of autophagosomes [12] [13] [14] [15] [16] [17] [18] [19] . More recently, using a chemically defined system reconstituted with purified Atg8 proteins and synthetic liposomal membranes, it has been further shown that yeast Atg8p and the mammalian Atg8 orthologs 2 have the inherent potency to directly mediate membrane tethering and hemifusion or full fusion by themselves [20] [21] [22] [23] [24] [25] . These experimental observations in vivo and in vitro support the idea that Atg8-family proteins function as a membrane tether and fusogen for promoting the tethering and fusion events of expanding phagophores or isolation membranes during autophagosome formation [3] [4] [5] [6] [7] [8] . However, it should be noted that the intrinsic tethering and fusogenic activities of Atg8-family proteins are critically dependent on non-physiological conditions employed in those in vitro reconstitution experiments, which include substantially high concentrations of nonlamellar-prone lipids (e.g. PE and di-unsaturated lipid species) and also high Atg8 protein-to-lipid molar ratios [20] [21] [22] [23] [24] [25] . Thus, how Atg8-family proteins act directly upon autophagic membrane tethering and fusion processes remains enigmatic and still a matter of debate. In the current study, to further explore the molecular functions of Atg8-family proteins in the biogenesis of autophagosomes, we thoroughly evaluated the intrinsic membrane tethering capacities of the two mammalian Atg8 orthologs, human LC3B and GATE-16 proteins, in the reconstituted proteoliposomal systems mimicking their membrane-bound states in vivo and the physiological lipid bilayers of eukaryotic endomembrane organelles.
Results and Discussion
The Atg8 protein family in human cells consist of at least seven homologous members, which are classified into the two subfamilies, the LC3 subfamily (LC3A, LC3B, LC3C, and LC3B2) and the GABARAP subfamily (GABARAP, GABARAPlike 1, and GATE-16 that is also named as GABARAP-like 2), whereas only a single Atg8-family protein, Atg8p, is encoded in the budding yeast S. cerevisiae ( Figure 1A ) [21, 25, 26] . All of the human Atg8 orthologs (as well as yeast Atg8p) are a small monomeric globular protein comprised mostly of the Atg8-like domain, exhibiting 30-35% (for the LC3 proteins) and 54-56% (for the GABARAP proteins) sequence identities to Atg8p in yeast (Figure 1A , B; Figure S1 ) [26] . In the current reconstitution studies testing the intrinsic membrane tethering activities of human Atg8 proteins (Figure 2-6) , we selected the two representative Atg8-family members ( Figure 1B) ; LC3B from the LC3 subfamily, which was identified as the first mammalian Atg8 protein that localizes at autophagosomal membrane compartments and plays a role in autophagosome formation [13, 14] , and GATE-16 from the GABARAP subfamily, which was initially identified as a novel factor functioning in intra-Golgi membrane trafficking [27] [28] [29] and was later reported to be localized at autophagosomal membranes and involved in the biogenesis of autophagosomes [14, 19] . Recombinant LC3B and GATE-16 proteins used in reconstituted liposome tethering assays (Figure 2-6) were purified as the matured, C-terminally truncated forms with an additional artificially-modified polyhistidine tag (His12) following the C-terminal Gly120 residue for LC3B and the Gly116 residue for GATE-16 (denoted as LC3B-His12 and GATE-16-His12, respectively; Figure 1B , C). Purified LC3B-His12 and GATE-16-His12 proteins, which are mostly a monomeric protein ( Figure S1 ), can be stably and specifically attached to membrane surfaces of liposomes through high-affinity binding of a His12 tag to a DOGS-NTA lipid (1,2-dioleoyl-sn-glycero-3-((N-(5-amino-1-carboxypentyl) iminodiacetic acid)-succinyl)) that was included in the lipid composition used for preparing liposomes (Figure 2A ). This artificial membraneanchoring mode mimics the membrane-bound state of native Atg8 proteins, in which, after proteolytic C-terminal truncation by Atg4 cysteine proteases, the C-terminal glycine residues of Atg8s are conjugated to a PE lipid in lipid bilayers of autophagosomal membranes [11, 14] . Furthermore, as earlier reconstitution studies have pointed out the importance of lipid species and compositions in model membrane systems for Atg8-mediated tethering and fusion reactions [22, 25] , we employed for reconstitution the physiologically relevant lipid bilayers, roughly mimicking typical lipid compositions of subcellular organelles destined to be membrane sources of autophagosomes in mammalian cells (Figure 2A ) [30] [31] [32] [33] . The physiologically-mimicking lipid compositions contained synthetic mono-unsaturated phosphatidylcholine (PC), PE, and phosphatidylserine (PS) lipids, a natural phosphatidylinositol (PI) lipid from soybean, and cholesterol from ovine ( Figure 2A ). Using the experimental conditions above in the present reconstitution systems, we revisited the physiological significance of the intrinsic potency of human Atg8-family proteins to directly mediate membrane tethering (Figure 2-6 ).
Trans-assembly of human Atg8 proteins can drive membrane tethering in a physiological context
To comprehensively and quantitatively evaluate the intrinsic membrane tethering capacities of human LC3B and GATE-16 proteins in a chemically defined proteoliposomal system, we employed three types of reconstituted liposome tethering assays, which had been previously developed to test membrane tethering driven by human Rab-family small GTPases in our recent studies [34] [35] [36] [37] , including a highthroughput 384-well microplate-based endpoint assay to measure the turbidity of liposomes ( Figure 2B ), a kinetic assay to monitor liposome turbidity changes ( Figure 2C) , and a fluorescence cell counter-based imaging assay giving an unbiased quantitative data of clusters of tethered liposomes ( Figure 2D , E). Strikingly, both of the human Atg8 proteins exhibited the abilities to drive highly efficient and rapid membrane tethering by themselves, in the absence of any other additional protein components ( Figure 2B -E).
LC3B-His12 and GATE-16-His12 proteins triggered efficient tethering of synthetic, but physiologically-mimicking, DOGS-NTA-bearing liposomes (100 nm in diameter; Figure 2A ) even at the protein-to-lipid molar ratios of 1:1,000 or below (black and blue circles, respectively, in Figure 2B ). However, Rab5a-His12, which has been so far found to be the most active membrane tether among human Rab-family small GTPase isoforms [34] [35] [36] [37] , had the substantially less tethering capacity under the same conditions (green circles, Figure  2B ) and, H-Ras-His12, used as the negative control of a Cterminally His12-tagged protein, was completely unable to initiate liposome tethering in the turbidity assays (cyan circles, Figure 2B ). Moreover, the kinetic liposome turbidity assays indicated that the initial velocities of human LC3B-and GATE-16-mediated membrane tethering reactions were much higher than that of the Rab5a-mediated reaction, when tested at the protein-to-lipid ratios of 1:500 ( Figure  2C ). Consistent with those data from the turbidity assays ( Figure 2B , C), LC3B-His12 and GATE-16-His12 were able to induce the formation of massive clusters of the liposomes (100 nm in diameter) bearing DOGS-NTA and rhodamine-PE (Rh-PE) through their intrinsic tethering activities ( Figure 2D , E). In the fluorescence imaging assays employed at the protein-to-lipid ratios of 1:500 ( Figure 2D , E), LC3B-and GATE-16-induced liposome clusters had the average particle sizes of 420 m 2 and 680 m 2 , respectively, whereas an untethered single 100-nm-diameter liposome gives only 0.0079 m 2 for its maximum particle size in theory. Thus, all of the experimental data from these three independent reconstitution assays of liposome tethering faithfully reflect the very high efficiency of LC3B-and GATE-16-mediated membrane tethering reactions.
In the endpoint turbidity assays, we tested the intrinsic membrane tethering potency of LC3B and GATE-16 proteins comprehensively at the protein-to-lipid molar ratios ranging from 1:10,000 to 1:100 (mol/mol), demonstrating that both of the human Atg8-family proteins can trigger membrane tethering at the protein-to-lipid ratio of 1:5,000 and they drive membrane tethering more efficiently at the higher ratios up to 1:100 (black and blue circles, Figure 2B ). Since it has been described that protein densities of fusogens or tethers on membrane surfaces are critical to establishing the physiologically-relevant reconstitution systems for proteindriven membrane tethering and fusion mediated by SNAREfamily proteins [38] [39] [40] [41] and Rab-family small GTPases [35] [36] [37] , we therefore assessed whether the Atg8 protein densities tested in the current tethering assays ( Figure 2B ) are relevant to the physiological environments of native Atg8-family proteins associated with autophagic membrane compartments. Previous works by Klionsky and colleagues quantitatively estimated the protein stoichiometry of several representative Atg proteins at the phagophore assembly site (PAS) by a fluorescence microscopic analysis [42] and also the size of the fully expanded phagophore by an electron microscopic analysis of autophagic bodies in the Pep4p-deficient yeast vacuoles [43] . These quantitative analyses gave approximately 272 ± 9 Atg8p molecules at the PAS (mean ± S.E.M., n = 100) [42, 43] and 127 ± 2 nm for the radii of autophagic bodies (mean ± S.E.M., n > 200) [43] . Using the estimated values [42, 43] and the average surface area of the headgroups of phospholipids (0.65 nm 2 ) [44] , we can calculate the physiological protein-to-lipid ratio for Atg8p on the phagophore as about 1:2,300 (272 Atg8p molecules to 623,000 lipids). Notably, when tested at the protein-to-lipid ratio of 1:2,500 (0.2 M LC3B/GATE-16 to 0.5 mM lipids; Figure 2B ) that is very close to the ratio calculated above, both LC3B and GATE-16 were still able to exhibit the significant intrinsic tethering activities ( Figure  2B ). In addition, as membrane-anchored Atg8 proteins can be selectively sorted into a highly curved membrane segment by several folds [45, 46] , it is conceivable that the protein-to-lipid ratio of 1:500, which was used in the kinetic turbidity assays and fluorescence microscopy assays with 100-nm-diameter liposomes ( Figure 2C -E), can provide the physiologically-relevant Atg8 density on membrane surfaces. It should be also noted that, assuming that Atg8 proteins are a typically spherical 15-kDa protein with an average radius of 1.6 nm [47] , membrane-anchored LC3B and GATE-16 proteins only occupy approximately 4.5% of the surface areas of liposomes in the current reconstitution systems, when tested at the protein-to-lipid ratio of 1:500 ( Figure 2 ).
Next, we asked whether human Atg8-mediated membrane tethering is primarily driven by trans-assembly between membrane-anchored Atg8 proteins on two distinct lipid bilayers ( Figure 3 ). Although the prior study for yeast Atg8p demonstrated the presence of the dimers and oligomers in the reconstituted tethering and fusion reactions [20] , it remains unclear whether Atg8 proteins assemble into the homo-complexes in cis on one membrane or in trans on two opposing membranes to be tethered. To address this, we employed the fluorescence imaging assays for LC3B ( Figure  3A -C) and GATE-16 ( Figure 3D -F) with two types of the fluorescence-labeled DOGS-NTA-liposomes bearing either Rh-PE or fluorescein-PE (FL-PE). LC3B and GATE-16 were able to induce the formation of massive liposome clusters which contain both of the Rh-PE-liposomes (middle panels, Figure 3A , D) and FL-PE-liposomes (right panels, Figure 3A , D). This is consistent with the preceding results in the fluorescence imaging assays using the Rh-PE-liposomes alone ( Figure 2D, E) . However, when a DOGS-NTA lipid was omitted from the FL-PE-liposomes, these two human Atg8-family proteins no longer had the potency to trigger clustering of the FL-labeled liposomes lacking DOGS-NTA ( Figure 3B , E, right panels), whereas they still retained the intrinsic capacities to efficiently and selectively tether the DOGS-NTA-bearing Rh-PE-liposomes in the same tethering 4 reactions ( Figure 3B , E, middle panels). Moreover, when both of the Rh-PE-liposomes and FL-PE-liposomes lacked a DOGS-NTA lipid, LC3B and GATE-16 completely lost their membrane tethering activities, giving little or no detectable liposome clusters in the reactions ( Figure 3C, F) . These results faithfully reflect that LC3B and GATE-16 proteins need to be anchored on both, not either one, of two opposing membrane surfaces for initiating membrane tethering in the current chemically defined systems. Thus, this leads us to conclude that trans-assembly of membraneanchored Atg8 proteins is certainly required for human Atg8-mediated membrane tethering. Additionally, it is noteworthy that the membrane-anchored forms of Atg8-family proteins can specifically associate with membranebound Atg8 proteins, but not with the membrane-unbound soluble forms, during membrane tethering, as homooligomerization of human LC3B proteins was not observed in GST pull-down assays for LC3B in solution ( Figure S2 ) and liposome co-sedimentation assays testing the interactions of membrane-bound LC3B-His12 proteins with soluble untagged LC3B proteins lacking a His12 tag ( Figure S3 ).
Our current findings so far established that trans-assembly of human Atg8-family proteins directly drives efficient and rapid membrane tethering under physiologically-relevant conditions of the Atg8 protein densities on lipid bilayer surfaces (Figure 2, 3) . Based on that, next we revisited the question of whether Atg8-mediated membrane tethering is a reversible tethering-only reaction or an irreversible reaction that spontaneously proceeds to hemifusion or fusion between two distinct membranes tethered. To test reversibility of human Atg8-mediated membrane tethering, LC3B-and GATE-16-induced liposome clusters pre-formed after incubation (30°C, 1 h) were supplemented with imidazole that leads to dissociation of LC3B-His12 and GATE-16-His12 proteins from liposomes ( Figure 4A ), further incubated (30°C, 1 h), and eventually analyzed by the fluorescence imaging assays (Figure 4) . Strikingly, LC3B-and GATE-16-mediated liposome clusters were completely or thoroughly disassembled into an undetectable small particle ( Figure 4B , C, right panels), although LC3B and GATE-16 still efficiently mediated liposome clustering in the equivalent reactions supplemented with the buffer control instead ( Figure 4B , C, left panels). These results establish that human Atg8-mediated membrane tethering reactions are a reversible process that can be strictly controlled by the membrane attachment and detachment cycles of Atg8 proteins.
Furthermore, they strongly suggest that membrane-anchored Atg8 proteins can trigger only a reversible membrane tethering reaction by themselves but not mediate an irreversible hemifusion or fusion events when any other protein components are not present. Additional fusogenic proteins acting together with Atg8 proteins may include autophagy-related SNARE-family proteins that have been reported to be targeted to autophagic compartments and involved in autophagosome formation and maturation [22, [48] [49] [50] . However, it should be noted that, since membrane attachment of cytosolic Atg8 proteins via the conjugation to a nonlamellar-prone PE lipid is proposed to take place at locally-curved unstable lipid bilayers [45, 46, 51] , we will not exclude the possibility that the intrinsic fusogenic potency of membrane-anchored Atg8 proteins directly facilitate membrane fusion events specifically at the highly-curved, fusion-prone membrane segments of autophagic compartments, including the rim of the cup-shaped phagophore membrane.
Curvature sensitivity of human LC3B-and GATE-16-mediated membrane tethering
During autophagosome formation, key protein components in autophagy specifically associate with and function at the precursor membrane structures exhibiting a variety of the membrane surface curvatures, such as Golgi-derived Atg9-containing small vesicles, tubular protrusions at the ER (endoplasmic reticulum) and recycling endosomes for the membrane sources of autophagosomes, and the growing phagophore membranes having the strongly-curved rim and relatively-flatter concave inner and convex outer surfaces [46] . Atg8-family proteins in yeast and mammalian cells, indeed, have been reported to localize at the phagophore rims and also both sides of the double-membrane organelles after the PE-conjugation for playing their multiple roles in autophagosome formation and maturation [7, 8, [12] [13] [14] 51] . Therefore, we finally asked whether membrane curvature is critical for human Atg8-mediated membrane tethering driven by trans-assembly of membrane-anchored Atg8 proteins, by quantitatively investigating the intrinsic tethering activities of LC3B and GATE-16 for liposomal membranes having different particle sizes ( Figure 5 ). Four types of DOGS-NTA-bearing liposomes were prepared by extrusion through 50-, 100-, 200-, and 400-nm pore sizes ( Figure 5A ) and evaluated for the size distributions using dynamic light scattering, establishing that the liposome preparations had the mean diameters roughly similar to the theoretical pore sizes used and that their size distributions were significantly different from each other ( Figure 5B ). Using these 50-, 100-, 200-, and 400-nm-diameter liposome preparations ( Figure 5A, B) , we employed the kinetic turbidity assays for LC3B, GATE-16, and Rab5a that is a putative membrane tether functioning in non-autophagic, endocytic trafficking pathways [34] [35] [36] [37] 52] , followed by determining their maximum tethering capacities and initial tethering velocities from curve fitting of the kinetic data obtained ( Figure 5C-F) .
Strikingly, LC3B and GATE-16, the autophagic membrane tethers, triggered very efficient and rapid tethering of the 5 50-nm-and 100-nm-diameter liposomes (black and blue circles, Figure 5C , D), while the endocytic membrane tether Rab5a was substantially less competent to drive tethering of these small highly-curved liposomes (green circles, Figure  5C , D). In contrast, Rab5a retained the capacity to cause membrane tethering for the larger-sized, flatter liposomes (e.g. 400 nm in diameter) more efficiently than LC3B and GATE-16 (see the maximum tethering capacities, middle panel, Figure 5F ), even though the two autophagic tethers were still able to initiate rapid membrane tethering of the large lipid vesicles (see the initial tethering velocities, right panel, Figure 5F ). These membrane curvature dependences of the autophagic and endocytic membrane tethers in the kinetic turbidity assays are fully consistent with the results from the fluorescence imaging assays, which were employed using the 50-nm-and 400-nm-diameter liposomes ( Figure 6 ). The obtained fluorescence images clearly indicated that only the two autophagic tethers LC3B and GATE-16 (but not Rab5a) had the intrinsic tethering activities to induce the formation of massive clusters of the small highly-curved 50-nm liposomes ( Figure 6B ). However, for the large flatter 400-nm liposomes, Rab5a-mediated membrane tethering was significantly more efficient than that mediated by the autophagic tethers ( Figure 6C ). Furthermore, it is quite Intriguing that we uncover distinct membrane curvature dependences of the two different autophagic membrane tethers, LC3B and GATE-16, in reconstituted membrane tethering ( Figure 5C-F) . In the kinetic turbidity assays with the smallest, highly-curved 50-nm-diameter liposomes ( Figure 5C ), LC3B can specifically function as a hyperactive membrane tether, in comparison to the other autophagic tether GATE-16, yielding its initial tethering velocity almost 4-fold higher than that of GATE-16 (see the initial tethering velocities, right panel, Figure 5C ). Nevertheless, when tested the same kinetic turbidity assays but with the 200-nm and 400-nm liposomes ( Figure 5E, F) , GATE-16 turned out to be a significantly more potent membrane tether, rather than LC3B, for the larger-sized flatter lipid vesicles (see the maximum tethering capacities, middle panels, Figure 5E , F). It should also be noted that, even though there were no statistically significant differences between the initial tethering velocities of LC3B and GATE-16 for the large 200-m/400-nm liposomes, LC3B exhibited the substantially lower tethering capacities than those of GATE-16 under the conditions ( Figure 5E, F) . These data lead to speculation that cis-interactions between LC3B proteins anchored to the same membrane can occur on a relatively flat lipid bilayer, thereby preventing the stable protein assemblies in trans on two opposing membranes.
Our novel findings on the curvature sensitivity of human LC3B-and GATE-16-mediated membrane tethering lead us to postulate that the specific molecular functions of diverse Atg8-family members in human and mammalian cells rely, at least in part, upon their distinct curvature dependences for the intrinsic membrane tethering potency. Since cytological studies on mammalian Atg8 orthologs previously reported that the LC3-subfamily members appear to be involved in the phagophore elongation step whereas the GATE-16/GABARAP subfamily proteins is found to be critical for the later stages such as autophagosome closure and maturation [19] , the curvature sensitivity of membrane tethering may enable the LC3 and GATE-16/GABARAP subfamilies to specifically act at the different stages during the biogenesis of autophagosomes. In addition to the working model above, considering that autophagy involves miscellaneous membrane sources having various sizes and shapes for autophagosome formation [46] , it is also conceivable that, through the distinct curvature sensitivities, a variety of mammalian Atg8-family members can function as a selective membrane tether exclusively for their cognate membrane sources. Future studies on Atg8-mediated membrane tethering (perhaps, and membrane fusion) using a chemically defined reconstitution system will provide further important insights into the mechanistic details of the selective trans-assembly of Atg8 proteins for driving autophagy-related membrane tethering and also into the biological significance of the curvature-sensitive membrane tethering processes mediated by diverse members of the Atg8 protein family.
Materials and Methods

Protein expression and purification
The expression vectors for the two human Atg8 orthologs, LC3B (UniProtKB ID: Q9GZQ8) and GATE-16 (UniProtKB ID: P60520), were constructed by the ligation-independent cloning method using a pET-41 Ek/LIC vector kit (Novagen). The coding sequences of human LC3B and GATE-16 proteins were amplified by PCR with KOD-Plus-Neo DNA polymerase (Toyobo), Human Universal QUICK-Clone cDNA II (Clontech) for a template cDNA, and the oligonucleotide primers that were designed to generate the DNA fragments containing the additional sequences encoding a human rhinovirus (HRV) 3C protease site (Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro) upstream of the initial ATG codons and also those encoding polyhistidine residues (His12) downstream of the codons for the Gly120 residue of LC3B and the Gly116 residue of GATE-16 ( Figure 1A, 1B) . The PCR fragments generated were cloned into a pET-41 Ek/LIC vector (Novagen) expressing an N-terminally GST-His6-tagged protein. 4 mM final, 37°C, 3 h) , cultured cells were harvested by centrifugation and resuspended in RB150 buffer (20 mM Hepes-NaOH, pH 7.4, 150 mM NaCl, 10% glycerol) containing 5 mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1.0 g/ml pepstatin A (40 ml each). Cell suspensions were freezethawed in a liquid nitrogen bath and then a water bath at 30°C, lysed by sonication (UD-201 ultrasonic disrupter, Tomy Seiko), and centrifuged at 50,000 rpm (70 min, 4°C) with a 70 Ti rotor (Beckman Coulter). GST-His6-tagged LC3B-His12 and GATE-16-His12 proteins in the supernatants obtained were isolated by mixing with COSMOGEL GST-Accept beads (50% slurry, 4 ml each; Nacalai Tesque), followed by incubation with gentle agitation (4°C, 3 h) . The proteinbound GST-Accept beads were then washed by RB150 containing 5 mM MgCl2 and 1 mM DTT (8 ml each) three times, resuspended in the same buffer (4 ml each) containing HRV 3C protease (32 units each; Novagen), and incubated without agitation (4°C, 16 h). Purified tag-less LC3B-His12 and GATE-16-His12 proteins, which contain the Met1-Gly120 residues for LC3B or the Met1-Gly116 residues for GATE-16 and only three extra residues (Gly-Pro-Gly) at their N-terminus ( Figure 1A , 1B), were eluted from the beads by HRV 3C protease cleavage. After centrifugation of the bead suspensions (15,300 x g, 10 min, 4°C), protein concentrations of purified LC3B-His12 and GATE-16-His12 proteins in the supernatants obtained (around 4 ml each) were determined using Protein Assay CBB Solution (Nacalai Tesque) and bovine serum albumin (BSA) for a standard protein. Recombinant proteins of human Rab5a-His12 and H-Ras-His12, which were used as a control protein in the reconstituted liposome tethering assays, were expressed in E. coli cells and purified as described previously [34, 35, 37] .
Liposome preparation
Non-fluorescent lipids, which include POPC (1-palmitoyl-2-oleoyl-PC), POPE (1-palmitoyl-2-oleoyl-PE), soy PI, POPS (1-palmitoyl-2-oleoyl-PS), DOGS-NTA, and ovine cholesterol, were all purchased from Avanti Polar Lipids. Fluorescencelabeled lipids, Rh-PE and FL-PE, were from Invitrogen. Lipid mixes for preparation of synthetic protein-free liposomes contained POPC [41% (mol/mol)], POPE (17%), soy PI (10%), POPS (5%), cholesterol (20%), DOGS-NTA (6%), and Rh-PE (1%) or FL-PE (1%) in chloroform. Dried lipid films were prepared by removing chloroform from the lipid mixes with a stream of nitrogen gas, resuspended in RB150 containing 5 mM MgCl2 and 1 mM DTT by vortexing, incubated with gentle agitation (37°C, 1 h) , and freeze-thawed in liquid nitrogen and a water bath at 30°C. Lipid suspensions obtained (final 8 mM lipids) were extruded 25 times through polycarbonate filters (pore diameters of 50, 100, 200, or 400 nm) in a mini-extruder (Avanti Polar Lipids) at 40°C. Size distributions of the extruded liposomes were measured by dynamic light scattering (DLS) using a DynaPro NanoStar DLS instrument (Wyatt Technology).
Liposome turbidity assay
The intrinsic membrane tethering activities of human Atg8-family proteins, LC3B and GATE-16, were assayed by measuring turbidity of liposome suspensions in the presence of purified Atg8 proteins, as described previously for the assays of human Rab small GTPase-mediated membrane tethering [34] [35] [36] [37] . In the endpoint turbidity assays, purified LC3B-His12 or GATE-16-His12 proteins (0.05-5 M in final) and the DOGS-NTA-bearing protein-free liposomes (100 nm diameter; final 0.5 mM total lipids), both of which had been separately incubated in RB150 containing 5 mM MgCl2 and 1 mM DTT (30°C, 10 min), were mixed (total 150 l) and transferred into a black 384-well plate with a clear flat bottom (40 l per well; Corning 3544), followed by incubation without agitation (30°C, 30 min). After the 30-min incubation, turbidity of the liposome suspensions in a 384-well plate was measured with optical density at 400 nm (OD400) on a SpectraMax Paradigm plate reader (Molecular Devices), as described [36, 37] . For a control, the Cterminally His12-tagged non-Atg8-family proteins, human Rab5a-His12 and H-Ras-His12, were also incubated with protein-free liposomes in a 384-well plate and assayed for turbidity changes, as for the Atg8-containing turbidity reactions. All of the turbidity data (OD400) were corrected by subtracting the values of the liposome-only reactions without any protein components. Means and standard deviations of the OD400 data were determined from three independent experiments ( Figure 2B ).
Kinetic assays for Atg8-mediated membrane tethering were employed by measuring turbidity of liposome suspensions, as previously described for Rab GTPase-mediated liposome tethering [34] [35] [36] [37] . After separately preincubating purified LC3B-His12 or GATE-16-His12 proteins (2 M in final) and the DOGS-NTA-bearing liposomes (50, 100, 200, or 400 nm in diameter; final 1 mM lipids) in RB150 containing 5 mM MgCl2 and 1 mM DTT (30°C, 10 min), they were mixed (total 160 l), applied into a 10-mm path-length cell (105.201-QS, Hellma Analytics) in a DU720 spectrophotometer (Beckman Coulter), and then immediately measured with monitoring the optical density changes at 400 nm (OD400) at room temperature (5 min, 10-sec intervals). In addition, Rab5a-His12 and H-Ras-His12 proteins were also assayed as above for LC3B and GATE-16. To quantitatively analyze the kinetics of the Atg8-mediated liposome tethering reactions, the turbidity data obtained were subjected to curve fitting using ImageJ2 software (National Institutes of Health) and the logistic function formula, y = a/(1+b*exp(-c*x)), in which y and x are the OD400 value and the time (min), respectively. The maximum capacities of membrane tethering were 7 defined as the theoretical maximum OD400 values of the fitted curves at t = ∞, which can be calculated as "a" from the formula above. The initial velocities were defined as the maximum slopes of the fitted curves, which can be calculated as "c*a/4" from the formula above. Means and standard deviations of the maximum capacities and initial velocities of membrane tethering were determined from three independent experiments. The maximum tethering capacities and the initial tethering velocities were statistically evaluated using one-way ANOVA in SigmaPlot 11 (Systat Software). Statistical differences among data sets were considered significant at p ˂ 0.05. All of the kinetic assay data shown were obtained from one experiment and were typical of those from more than three independent experiments.
Fluorescence microscopy
Fluorescence microscopy assays for the liposome clusters induced by human Atg8-mediated membrane tethering were employed using a LUNA-FL automated fluorescence cell counter (Logos Biosystems) and LUNA cell counting slides (L12001, Logos Biosystems), as described for human Rab small GTPase-mediated membrane tethering [36, 37] . Fluorescence-labeled liposomes bearing Rh-PE or FL-PE (50, 100, or 400 nm diameter; final 1 or 2 mM lipids) and purified LC3B-His12, GATE-16-His12, or Rab-His12 proteins (final 2 M) were preincubated separately (30°C, 10 min), mixed in RB150 containing 5 mM MgCl2 and 1 mM DTT (total 80 l), further incubated (30°C, 60 min), and then applied to a well of the cell counting slides (15 l per well). Bright field images, Rh-fluorescence images, and FL-fluorescence images of the liposome tethering reactions were obtained and processed using the LUNA-FL fluorescence cell counter. Particle sizes of liposome clusters in the fluorescence images were analyzed using the ImageJ2 software with setting the lower intensity threshold level to 150, the upper intensity threshold level to 255, and the minimum particle size to 10 pixel 2 , as described [35] [36] [37] . (A) Sequence alignment of Atg8-family proteins in the yeast Saccharomyces cerevisiae (Atg8p) and human cells (LC3A, LC3B, LC3C, GABARAP, GABARAPL1, GATE-16). Amino acid sequences of yeast Atg8p and the human Atg8 orthologs were obtained from UniProtKB (https://www.uniprot.org/), aligned using ClustalW (https://www.genome.jp/tools-bin/clustalw), and rendered with ESPript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/). Identical and similar residues in the alignment are highlighted in red boxes and in red characters, respectively. (B) Schematic representation of the C-terminally His12-tagged forms of human Atg8-family proteins used (LC3B-His12, GATE-16-His12), which contain three extra residues (Gly-Pro-Gly) at the N-terminus, the Met1-Gly120 residues for LC3B or the Met1-Gly116 residues for GATE-16, and a polyhistidine tag (His12) at the C-terminus. The intracellular locations of LC3B and GATE-16 indicated include autophagosome (AP), cytosol (Cyt), and Golgi apparatus (Golgi). The reversibility of reconstituted LC3B-mediated liposome tethering. LC3B-His12 (2 M final) and rhodamine-PE (Rh-PE)/DOGS-NTAbearing liposomes (1 mM lipids in final, 100 nm diameter) were mixed and incubated (30°C, 1 h) to induce the formation of LC3B-mediated liposome clusters. After the incubation, the liposome tethering reactions were supplemented with the buffer control or imidazole (250 mM final) to detach LC3B-His12 proteins from DOGS-NTA-bearing liposomes, further incubated (30°C, 1 h), and subjected to fluorescence microscopy. Bright field images and Rh-fluorescence images of the reactions with the buffer control (left panels) or with 250 mM imidazole (right panels) were obtained as in Figure 2D , E. Scale bars, 200 m. (C) The reversibility of reconstituted GATE-16-mediated liposome tethering. GATE-16-His12 and Rh-PE/DOGS-NTA-bearing liposomes were mixed, incubated, supplemented with imidazole or the buffer control, further incubated, and subjected to fluorescence microscopy, as described above for LC3B in (B) . Bright field images and Rh-fluorescence images of the GATE-16-containing reactions with the buffer control (left panels) or with imidazole (right panels) were obtained as in Figure 2D proteins to LC3B-His12 proteins on liposomal membranes, purified LC3B-His12 (6 M final), untagged LC3B (6 M final), and bovine serum albumin (BSA; 3 M final) were mixed and incubated with extruded liposomes bearing a DOGS-NTA lipid (1.25 mM total lipids in final; 1,000 nm diameter) in RB150. After incubation (30°C, 1 h), the liposome suspensions were centrifuged (20,000 x g, 10 min, 4°C). The input samples before incubation (input) and the precipitates (ppt) and supernatants (sup) obtained after centrifugation were analyzed by SDS-PAGE and Coomassie blue staining.
